Candida parapsilosis is an emerging opportunistic pathogen which causes systemic and superficial infections in immunocompromised hosts. Successful colonization and subsequent infection of the host by a microorganism depends upon its ability to adhere to host surfaces, and its relative cell surface hydrophobicity (CSH) is a contributory physical force involved in the process. During a comprehensive study of a battery of C. parapsilosis isolates, we noted wide variations in their cell size. Hence we examined the relationship between the cell length, in vitro adhesion to acrylic surfaces and relative CSH of 24 isolates of C. parapsilosis from superficial and systemic sources. A strong positive correlation was observed between the cell length and adhesion of Candida to acrylic surfaces (r=0·56; P=0·004) as well as the cell length and the relative CSH, as measured by a hydrocarbon assay method (r=0·72, P= 0·0001). Further, the cell length of both the superficial and systemic isolates correlated well with their CSH (r=0·63, P=0·01; r=0·63, P=0·03 for superficial and systemic isolates, respectively). These data provide a tantalizing glimpse of the structural and functional dynamics of the candidal cell surface.
Introduction
the adherence of both bacteria and fungi to host surfaces [10] [11] and hence a number of workers have studied Candida parapsilosis is an emerging pathogen, especially this phenomenon in Candida species [12] [13] . in immunocompromised hosts, and is implicated, toAlthough it is recognized that the Candida cell gether with C. albicans, as an aetiological agent in oral surface is the interface between its cytoplasm and the candidoses [1] . It has also been isolated from disease environment, there is limited information on the morentities such as endocarditis and endophthalmitis [2] [3] phological and functional dynamics of the Candida cell and from a variety of non-human sources [4] .
surface (e.g. the relationship between cell size and Various studies have shown that microbial adhesion relative cell surface hydrophobicity (CSH) and adto host surfaces is the first step in colonization and hesion). Hence the aims of this study were, first, to subsequent infection [5] [6] . The process of candidal ascertain the relationship, if any, between the yeast cell adhesion to host surfaces is complex and involves both length, adhesion to acrylic surfaces and the CSH; and biological and non-biological factors such as adhesins second, to elucidate differential expression of the latter [7] , London-van der Walls attraction forces and hydroparameters in C. parapsilosis isolates derived from phobic interactions [8] [9] . Indeed, it is believed that superficial and systemic infections in humans. hydrophobic interactions are inextricably involved in oral, aural and skin infections) and 11 were systemic MacFarlane [16] with some modifications. In brief, transparent self-polymerizing acrylic powder (1·5 g (septicaemic states). Most of the isolates were a genpolymethyl methacrylate powder; Dental Fillings Ltd., erous gift from Prof. Olsen of University of Oslo, London, UK) was spread on an aluminium foil-covered Norway. The organisms were identified by conventional glass slide (2·5×7·5 cm) and monomer liquid (1 ml) sugar assimilation and fermentation reactions and by was poured onto its surface. Immediately thereafter a the germ tube test [14] . The identity was further resecond slide was placed on top of the polymerizing confirmed using the commercially available API 20C mixture, and the slides were firmly secured at both ends identification test (API Laboratory Products Limited, with two binder clips. After bench curing, the slides Hants, UK) and further characterized using pulsewere separated. The acrylic strips were then carefully field gel electrophoresis (unpublished data). The stock stripped off the aluminium foil and immersed in distilled cultures were maintained at −40°C and the purity of water for 1 week to leach excess monomer and washed the cultures was ascertained by using standard laboratin running water for 3 h. The strips were cut aseptically ory techniques.
into 5×5 mm squares and ultrasonicated for 20 min (Branson 2200 E3 Ultrasonic cleaner, CT, USA) and used in the adhesion assay.
Scanning electron microscopy for assessment of cell size

Adhesions assay
Scanning electron microscopy was performed to ascertain cell dimensions in terms of their maximum cell Using a strict aseptic technique, an acrylic strip was length. A cell suspension (1×10 7 cells ml
), prepared placed vertically in a well of a sterile serology plate for the adhesion assay (see below) was spread on a (Costar, IH, USA) and 0·4 ml of the respective Candida glass coverslip, air-dried, and air-fixed for 1 h with suspension (1×10 7 cells ml ) was added to each well Kanosky reagent and followed by OsO 4 for 1 h. The and placed in a shaker incubator for 1 h at 37°C, with coverslip was gently rinsed with distilled water and gentle agitation. The strips were then washed in sterile freeze-dried (Labconco, USA). The resulting smear was distilled water, air-dried and stained using a modified sputter-coated with gold particles (a layer of 200 Å )
Gram stain [16] . After drying at room temperature they after mounting on a copper stub. The sample was were mounted on glass slides with glycerol and the observed through an electron microscope (JEOL, JXAadherent yeasts were quantified. 840 system, Tokyo, Japan) and the images were transAn image analysis system (IBAS 2000, Kontron, ferred to an image analysis system (IBA 2000-Berlin, Germany) was used for the quantitative estimation of the adherent yeasts. Thirty fields were ranKontron, Berlin, Germany) for automated measuredomly counted in each strip, at ×400 magnification. ment of cell length. Measurements of 50 cells were As the samples were set up in duplicate for each determined to obtain the mean cell length each of 24 experiment, the mean number of yeasts per 60 fields isolates of C. parapsilosis.
was finally expressed as yeasts per unit area. Each experiment was repeated on three separate occasions
Preparation of the yeast inoculum for the adhesion
with duplicate determinations on each occasion.
assay
A loopful from the stock culture was streaked on to
Preparation of saliva-ions buffer for the hydrophobicity
Sabouraud Glucose Agar (SGA) and incubated at 37°C assay for 18 h. A loopful of this young culture was transferred The hydrophobicity assay was conducted in a salivato brain-heart infusion (BHI) and incubated at 37°C ions buffer (SIB) [17] which mimics the composition of for 18 h, washed twice with phosphate buffered saline mixed saliva. The constituents of this buffer were: 1 m (PBS; pH 7·2, 0·1 ) at 3500 g for 10 min and used K 2 HPO 4 (0·136 g), 50 m KCl (3·727 g), 1 m CaCl 2 in the experiments after standardization of yeast cell (0·111 g), 0·1 m MgCl 2 (0·02 g). All the chemicals were number by haemocytometric counts, as described predissolved in distilled water, filter-sterilized and used in viously [15] .
the experiments within 1 week of preparation.
Preparation of acrylic strips for the adhesion assay Hydrophobicity assay
Square (5×5 mm) acrylic strips were prepared for the The method of Sweet et al. [18] was used for the assessment of hydrophobicity. In brief, the Candida assay according to the method of Samaranayake and isolates were grown on SDA for 18 h at 37°C and a loopful of this culture was transferred into 10 ml of SIB. This yeast suspension was vortexed and spun again and the yeast pellet thus obtained was resuspended to an absorbance of 1·0±0·2, measured at 520 nm.
For each organism tested, 5 ml volumes of suspension were added to two glass test tubes, representing one test and one control. In addition, a test and a control were prepared of the suspending medium alone as spectrophotometer blanks; 1 ml of xylene was added to each test suspension. The test and the controls were placed in a water bath at 37°C for 10 min to equilibrate, then taken in turn and vortex-mixed for 30 s and returned to the water bath for further 30 min to allow the immiscible xylene and aqueous phases to separate. The lower aqueous phase of the sample was removed carefully using a pipette and transferred to a clean test tube. Any traces of contaminating xylene that may have been carried over in the pipette or bound to the yeast was removed by bubbling air through the suspension at a rate of 180 ml/min, for 2 min. The absorbance was measured as before at 520 nm following vortex mixing for 5 s to disrupt and resuspend any aggregates that may have formed. The hydrophobicity was expressed as the percentage reduction in optical density of the test suspension compared with the control [18] . Thus, the greater the change in absorbance, the The assay was conducted in duplicate on three separate occasions for each yeast tested. Suspensions without xylene were used as the negative controls. The relationship between the cell length and adhesion yeasts per unit surface area was observed (P=0·004; of C. parapsilosis to denture acrylic surfaces r=0·56), indicating that the larger cells bind more avidly to the acrylic surface (Fig. 2a) . Interestingly, the The 24 isolates of C. parapsilosis demonstrated a considerable degree of variation in their cell length ranging adherence of the superficial isolates was significantly greater (248·5%) than the systemic isolates paralleling from 3·18 to 7·3 m with a mean value of 4·27 m (Fig. 1) . Further comparison of the cell lengths of 13 the previous observations on cell length (P<0·001; mean adherence values 122·6×10 2 and 34·64×10 2 cells superficial (mean value of 4·83 m) and 11 systemic isolates (mean value of 3·53 m) of C. parapsilosis per unit area for superficial and systemic isolates, respectively). revealed that the latter, isolated from septicaemic the larger cell size is associated with a higher CSH (P<0·0001, r=0·72; Fig. 2b ). On further detailed analysis, this correlation persisted for both the superficial isolates (P=0·01, r=0·63) and for the systemic isolates (P=0·03, r=0·63) .
The relationship between adhesion and relative cell surface hydrophobicity of C. parapsilosis
The relationship between adhesion to acrylic and CSH of all the tested isolates was also evaluated. A significant positive correlation between these parameters emerged indicating that the hydrophobic isolates adhere to acrylic more than their hydrophilic counterparts (r=0·74, P<0·0001).
Taken together, the overall data indicate that a significant correlation exists between the Candida cell size, adherence to acrylic and CSH, as shown in Fig.  3 . To conclude, the greater the cell length of C. parapsilosis, the greater the adherence to acrylic and greater the CSH, and vice versa. When the isolates were subdivided into two groups vis-à-vis their clinical origin, the latter relationship held true for both the superficial and systemic isolates of C. parapsilosis.
Discussion
Candida species are common opportunistic pathogens and are frequently isolated from the oral mucosa and denture acrylic surfaces of patients with denture stomatitis [19] [20] . Candida parapsilosis, although less well known, is currently gaining notoriety as an emerging pathogen due to its increasing prevalence in both superficial and systemic infections, especially in the compromised [1, 21] . Pathogenic attributes of C. parapsilosis [22]. In this investigation we attempted to correlate the relationship between the cell length, adhesion to acrylic surfaces and relative CSH of C. parapsilosis. The stimulus for investigating attributes related to cell mor-
The relationship between the cell length and relative phology was the realisation that different clinical cell surface hydrophobicity of C. parapsilosis isolates wide disparity in their cell length.
The current data demonstrate the significant variThe relative CSH of C. parapsilosis isolates varied ation in cell length of the 24 isolates of C. parapsilosis considerably and ranged from 17·5 to 76·6%, with a (from 3·18 to 7·3 m, with a mean length of 4·27 m). mean of 35·7%. Further, the superficial isolates were Interestingly, the mean cell length of the 13 superficial 49·31% more hydrophobic than the systemic isolates isolates (4·83 m) was significantly greater than that of (mean CSH values 46·75% and 31·31%, respectively).
the 11 systemic isolates (3·53 m; P=0·003). In addition On evaluating the relationship between the cell length we also observed that the largest isolates, in terms and relative CSH of all 24 isolates by linear regression of cell length, were among superficial isolates of C. analysis, a highly significant positive correlation was observed between these two parameters indicating that parapsilosis. This implies that the increased cell size may confer an ecological advantage in terms of survival observed that the 'lengthier' cells of C. parapsilosis exhibited a high degree of clumping and aggregation on superficial host surfaces. In ecological terms this makes sense, as a large surface area facilitates adhesion, than their 'short' counterparts (unpublished data). An important pathogenic attribute of Candida speretention and colonization whereas a smaller surface area, as seen in systemic isolates, is conducive for cies is considered to be its relative CSH. For instance, Hazen and Hazen [25] have demonstrated that the fungaemic states and spread within the body cavity. To our knowledge this positive relationship between the hydrophobic yeasts are more virulent than their hydrophilic counterparts. When the cell length was cell size and original clinical source of the isolates has not been described in Candida species. However, it correlated with relative CSH, an attribute involved in adhesion to cell surfaces, there was a highly significant remains to be seen whether repeated subculture would affect the cell size, and whether the phenotypic expositive correlation between these parameters (r=0·72, P<0·0001). The larger the size of the organism, the pression of cell size is a consistent heritable feature.
Adhesion of Candida species to both biological larger the hydrophobicity. In a recent report Vespa and Lebecq [26] demonstrated that tunicamycin-treated cells and non-biological host surfaces such as the buccal epithelium, denture acrylic and plastic catheters is an of C. albicans were larger and more hydrophobic than the untreated cells. The work of Hazen and Hazen [27] essential step in initiating either superficial or systemic infections. In an earlier investigation involving a large has also shown that CSH shifts of C. albicans are correlated with changes in cell length and concentration number of C. parapsilosis isolates (24) we observed this species to be significantly (P<0·003) more adhesive of fibrils in the exterior layer of the cell wall. Thus it would seem that relative CSH is a reflection of both (mean 82·09×10 2 cells per unit area) to acrylic than C. albicans (mean 33·68×10 2 cells per unit area) which is the cell size as well as its surface appendages, and the physicochemical properties of the cell wall. the most virulent Candida pathogen currently recognized. We also noted that the superficial isolates of
In a previous study we have shown that C. parapsilosis isolates were significantly more hydrophobic than C. parapsilosis were more adhesive to host surfaces than the systemic isolates (Panagoda & Samaranayake, C. albicans (mean 35·7 and 16·7%, respectively; P<0·003; Panagoda & Samaranayake, in press). Obin press). The current study has also demonstrated a significant positive relationship between the cell length viously, cell surface structural variations among the two species may have contributed to this difference, and adhesion to acrylic surfaces (r=0·56, P=0·004). Thus larger isolates were more adhesive to acrylic but it is tempting to speculate that the larger cell size of C. parapsilosis may also have played a part. surfaces than their smaller counterparts. This relationship persisted in superficial isolates but not in
The intimate relationship between the cell size, adherence to acrylic surfaces and hydrophobicity was systemic isolates, indicating yet again the possible influence of the habitat in modulating cell morphology. demonstrated clearly when we artificially sequested five isolates with the longest cell length and the remainder. An analogous situation is seen in enhanced adhesion of germinated forms of C. albicans to surfaces, where
The mean cell length, adhesion to acrylic and relative CSH of the former group of cells were 65·8%, 611·1% the total surface area exposed to the host is larger than in the blastoconidial or yeast phase organisms [23] [24] . and 88·1%, respectively, greater than the relatively smaller isolates. This illustrated clearly that the parameters In addition, the process of adhesion is accentuated by the clumping of the germinated organisms. We too have investigated were closely and possibly inextricably 
